A new apparatus for attosecond time-resolved photoelectron spectroscopy of liquids and gases is described. It combines a liquid microjet source with a magnetic-bottle photoelectron spectrometer and an activelystabilized attosecond beamline. The photoelectron spectrometer permits venting and pumping of the interaction chamber without affecting the low pressure in the flight tube. This pressure separation has been realized through a sliding skimmer plate, which effectively seals the flight tube in its closed position and functions as a differential pumping stage in its open position. A high-harmonic photon spectrometer, attached to the photoelectron spectrometer exit port is used to acquire photon spectra for calibration purposes. Attosecond pulse trains have been used to record photoelectron spectra of noble gases, water in the gas and liquid states as well as solvated species. RABBIT scans demonstrate the attosecond resolution of this setup.
A new apparatus for attosecond time-resolved photoelectron spectroscopy of liquids and gases is described. It combines a liquid microjet source with a magnetic-bottle photoelectron spectrometer and an activelystabilized attosecond beamline. The photoelectron spectrometer permits venting and pumping of the interaction chamber without affecting the low pressure in the flight tube. This pressure separation has been realized through a sliding skimmer plate, which effectively seals the flight tube in its closed position and functions as a differential pumping stage in its open position. A high-harmonic photon spectrometer, attached to the photoelectron spectrometer exit port is used to acquire photon spectra for calibration purposes. Attosecond pulse trains have been used to record photoelectron spectra of noble gases, water in the gas and liquid states as well as solvated species. RABBIT scans demonstrate the attosecond resolution of this setup.
I. INTRODUCTION
Attosecond science has greatly contributed to our understanding of ultrafast electronic and nuclear dynamics in atoms and small molecules [1] [2] [3] [4] [5] [6] [7] [8] . Extending attosecond science to the liquid phase is expected to not only offer new insights into the influence of a surrounding solvent on electronic dynamics in molecules but also allows studying ultrafast processes in chemical systems under ambient conditions. Examples include electronic dynamics specific to liquid phase, e.g. electron transfer, solvation dynamics including solvated electrons and solvent reorganization. Through the process of high-harmonic generation, intense short-wavelength radiation in the form of attosecond pulse trains or even isolated attosecond pulses is available from table-top laser sources 9, 10 .
For a long time, photoelectron spectroscopy was limited to low-vapor-pressure samples due to the low mean free path of electrons in high-pressure environments on the one hand and the low-pressure requirements of the photoelectron detectors on the other hand. The absorption of extreme-ultraviolet (XUV) radiation by most gases additionally limits the pressure to 10 −3 mbar at most. Liquids typically have vapor pressures around 1-30 mbar at room temperature, making themselves an unlikely target to be studied under high-vacuum conditions. This so called pressure gap has finally been bridged in the late 1990s by the invention of the liquid-microjet technique 11, 12 . In combination with liquid-nitrogen cold traps and a differential-pumping stage, this liquid filament can flow steadily in high vacuum while maintaining pressures low enough for photoelectron detection.
The time-resolved liquid-jet photoelectron spectroscopy experiment is depicted schematically in Fig. 1 . Generally, any kind of solution can be studied with such a setup 11 , although high-vapor-pressure liquids restrict the usable jet diameters and skimmer openings. During the last years, photoelectron spectra of water and watersoluble compounds have been studied extensively [13] [14] [15] [16] [17] [18] , however, toluene 19 , methanol and ethanol 20 have proven to be suitable as well. Since the solvent is a minor restriction, any kind of solute from salts over transition metal complexes to nanoparticles can be studied, the photoelectron signal being mainly determined by the solubility and surface-affinity of the target compound and the sensitivity being often limited by the overlap with the solvent photoelectron spectrum. Recently, several groups have presented experimental setups combining liquid microjets with a photoelectron spectrometer, mostly using synchrotron radiation [21] [22] [23] or sum-frequency generation Photoelectron spectrometer for attosecond spectroscopy of liquids and gases 2 from laser radiation 5, 24, 25 to ionize water and solvated molecules. Also, first photoelectron spectra have been reported using a high-harmonic radiation source 26, 27 . However, time-dependent measurements were so far restricted to the dynamics of solvated electrons 5,28 , excited state relaxation of DNA bases 14, 29 and charge-transfer-to-solvent processes 30 . In this article, we present the combination of attosecond metrology with the liquid-microjet technique. We describe a magnetic-bottle-time-of-flight spectrometer for ultrafast time-resolved photoelectron spectroscopy of gases and liquids coupled to a high-harmonic radiation source and an attosecond beamline. This experimental setup enables us to perform pump-probe experiments with attosecond pulse trains (RABBIT 31 ) accessing attosecond temporal information.
II. INSTRUMENT DESIGN
The photoelectron spectrometer was designed to measure both gas-phase and liquid-phase time-dependent photoelectron spectra. A magnetic-bottle 32 setup has been chosen over a field-free version for the following reasons. Short acquisition times on the scale of less than 5 s per spectrum are desired in order to perform attosecond time-resolved measurements with scan ranges of about 10 fs in less than 20 min. However, space-charge effects have to be avoided which sets an upper limit to the number of electrons produced by each laser shot in the interaction region. Additionally, depending on the choice of metal filters or XUV mirrors, the photon flux can be very low. A magnetic bottle typically collects half of the photoelectron emission sphere (approximately 2π sr), whereas in a field-free design with a 910 mm-long flighttube and a detector diameter of 27 mm, the collection solid angle would be limited to 0.7 msr. Thus, a magnetic bottle mitigates the signal limitations imposed by spacecharge effects and/or flux limitations through a high collection efficiency resulting in short acquisition times. The resulting layout of the liquid-jet setup is shown in Figure  2a .
A. Magnetic bottle
Magnetic-bottle parts are colored in orange in Figure  2a and comprise the SmCo permanent magnet with a magnetic field strength of 1 T, holding a conical iron tip, and the four-layer solenoid with a 0.3 mm wire diameter, which gives a homogeneous magnetic field of 1 mT along the flight tube. The magnetic bottle is thus divided into two parts, a high-pressure interaction region with a divergent magnetic field hosting the jet, and a low-pressure flight tube where the magnetic field is homogeneous. The differential pumping stage between both pressure regions is realized through a gold-coated aluminum skimmer with an aperture of 1 mm, mounted on a sliding plate. The permanent magnet is mounted on a xyz-manipulator and can be positioned very precisely using micrometer screws, such that the cylindrical axes of the permanent magnet and the solenoid overlap. The microchannel plate (MCP) detector with a single-event response of 0.9 ns marks the end of the electron flight path and is placed inside the solenoid such that the magnetic field lines are parallel all the way to the detector. A mesh (30 lines per inch, copper wires, 90% transmission) has been installed in front of the detector in order to accelerate electrons to kinetic energies above 300 eV, where the MCP is more sensitive compared to ca. 10 eV. The distance between the interaction region and the microchannel plate detector is around 910 mm, and can be changed by shifting the spectrometer with respect to the focus position by ±5 mm.
B. Liquid Microjet
Spectrometer parts associated with the liquid jet, such as the jet holder, the positioning motors, the liquidnitrogen cold trap, the catcher and the jet itself are highlighted in blue in Figure 2a . Using a HPLC pump, the solution to be studied is pumped from a reservoir through 1/16" PEEK tubing and is injected into the interaction chamber through a nozzle. Quartz nozzles for liquid jet applications in vacuum are commercially available (Microliquids GmbH) in various sizes and jet diameters between 15 and 50 µm are typically used in our setup. The nozzle can be positioned with 1 µm precision by SmarAct GmbH piezo motors, which are mounted to a holder on the bottom flange of the interaction chamber 21 . The liquid filament streams into a stainess steel catcher which is cooled on the atmospheric side with liquid nitrogen and freezes the solution as it hits the catcher walls. In order to reach pressures below 1 · 10 −3 mbar, liquid nitrogen cold traps are inevitable in the interaction chamber. The liquid-jet nozzle can easily be replaced by a gas nozzle, such that switching between gas-phase and liquid-phase experiments is possible within a few hours.
C. Operation of the liquid jet under vacuum
The liquid microjet has to be started under atmospheric pressure and it is therefore necessary to pump and vent the interaction region each time the experiment starts or ends, respectively. Consequently, the skimmer design was determined by two considerations. First, the skimmer has to function as a differential-pumping stage during the measurement and second, a closing mechanism is desirable that preserves the vacuum in the flight tube during the venting and pumping processes of the interaction chamber. The design of such a closing mechanism is shown in Figure 2c . It is based on an aluminum plate with an opening on the left-hand side, where the skimmer is mounted on top and is flat on the right-hand side. Using a mechanical, one-axis feedthrough, this Photoelectron spectrometer for attosecond spectroscopy of liquids and gases skimmer plate can be translated along the laser beam axis, thereby placing either the skimmer or the flat part of the aluminum plate in front of the flight-tube opening. Two bars press the aluminum plate against an O-ring which is located in a groove on the adaptor. In order to ensure the reproducibility of the skimmer position, a guiding mechanism has been installed. The aluminum plate has two guiding rods on the back side, which are guided along slides in the adaptor. It is very important to maintain a minimum mechanical pressure on the sliding aluminum plate in order to squeeze the O-ring and to maintain a high vacuum in the flight tube during pumping and venting and also during translation of the aluminum plate. At the same time, the friction during translation has to be minimized. These challenges have been addressed by mounting rolls on the upper and lower part of the aluminum front plate, which make the only contact to the bars such that there is a negligible friction between the aluminum plate and the bars. Therefore, the only friction is resulting from the shear strain between the aluminum plate and the O-ring and any kind of twist occurring between the guides and the sliding rods. The latter has been minimized by using long rods made from brass.
In the first step of pumping the interaction chamber, an independent scroll pump is used to reach prevacuum pressures of about 0.1 mbar. Afterwards, the gate valve to the turbo pump, which is running continuously, can be opened while the valve to the scroll pump has to be closed simultaneously. Both turbo pumps are connected via the same prevacuum system and the pressure in the flight tube is only affected marginally by the pumping of the interaction chamber.
D. Attosecond beamline
In order to perform time-resolved experiments the liquid-jet spectrometer has to be connected to a pumpprobe setup 33, 34 . The actively-stabilized beamline part is shown in Fig. 3 and will be described in more detail elsewhere 35 . Briefly, the output of an amplified Ti:Sa femtosecond laser centered at 800 nm is focused by an offaxis parabolic mirror into a gas cell consisting of three differential pumping stages. High-order harmonics are being created in the pinhole of the first pumping stage. Due to the much lower divergence of the XUV radiation it can be separated from the residual IR radiation by a perforated recollimating off-axis parabolic mirror after Photoelectron spectrometer for attosecond spectroscopy of liquids and gases 4 entering the first chamber of the beam-line. The XUV beam propagates undisturbed into the second beam-line chamber where it is being reflected under grazing incidence on diamond-like-carbon coated mirrors, thereby also passing a gold-coated toroidal mirror which images the XUV-generation area into the interaction chamber. The separated residual IR is redirected into the third chamber by two mirrors on piezo stages, which control the delay between the XUV pulse train and the IR pulse. The IR beam reflected from a perforated focusing mirror in the third chamber arrives collinearly with the XUV in the interaction chamber of the photoelectron spectrometer. Spatial and temporal overlap of both foci can be adjusted on a CMOS camera by inserting a pick-off-mirror into the recombined beam path. A XUV-photon spectrometer attached to the exit port of the photoelectron spectrometer allows recording of high-harmonic spectra simultaneously with photoelectron spectra. Isolating the XUV from the IR beam enables a separate optical manipulation of both beams, including filtering harmonic orders with metal foils in the XUV path and chopping the IR beam. Motorized irises have been placed in both beam paths in order to independently adjust the intensities.
Using the setup depicted in Fig. 3 , we measured RAB-BIT traces in various noble gases, gaseous and liquid water. Recording the high-harmonic spectrum simultaneously allows to retrieve the actual harmonic photon energies and intensities used for ionization and to perform the calibration of the time-of-flight axis of the photoelectron spectra.
III. SPECTROMETER CHARACTERIZATION
Xenon is very well suited for spectrometer calibration purposes using a high-harmonic radiation source. Photoelectron signals originate mostly from the 5p shell which possesses two well separated spin-orbit components. The ionization cross section of the 5s orbital is significantly smaller for the energy ranges covered in the present experiment (typically up to 40 eV), such that no signals associated with the 5s electrons appear in the photoelectron spectra. A typical time-of-flight spectrum is presented in Fig. 4 covering harmonic orders 11 to 25. For data analysis and spectrometer-response characterization the time-of-flight axis has to be converted to an energy axis.
A. Calibration and conversion
The magnetic-bottle spectrometer is calibrated using the photoelectron spectrum generated by ionizing xenon with high-order harmonics. The convolution of a Gaussian with the product of an exponential and the Heaviside function, Θ(x),
is fitted to each photoelectron peak in the time domain.
Using this fit function we can account for the exponential tail occurring in time-of-flight signals. The background signal most likely originates from secondary electrons created by electron-impact ionization induced by high-energy primary photoelectrons. The extracted photoelectron flight times refer to the maximum of each fitted peak. Kinetic energies, E kin , calculated from harmonic energies and binding energies are plotted against the measured time-of-flight values, t, as retrieved from the above-mentioned fit. The conversion function
is then fitted to the calculated kinetic energies, with the drift length s, the temporal offset t 0 and the energy offset E 0 being fit parameters. A temporal offset has to be fitted since the laser trigger is used for starting the acquisition. An aluminum filter with a thickness of 100 nm does not transmit harmonic orders below the 11 th order of 800 nm and is used for unambiguous assignment of harmonic orders to the photoelectron signals. Based on equation (2) the flight-time axis is then converted into a kinetic energy axis using the calibration parameters. The Jacobian has to be taken into account for the photoelectron signal in order to preserve the signal integrals. Harmonic energies used in the calibration procedure have been calculated using the center of mass wavelength of the infrared spectrum (795 nm) and xenon binding energies of 12.130 eV for the 2 P 3/2 component and 13.436 eV for the 2 P 1/2 component 36 . The resulting calibration parameters for the example shown here are s = (0.914 ± 0.001) m, t 0 = (−210.4 ± 0.4) ns, and E 0 = (0.06 ± 0.01) eV. Figure 4 indicates that the chosen calibration function fits well to the calculated kinetic energies and measured flight times. The calibration parameters depend on the alignment of the liquid/gas jet, laser beam and magnetic bottle and have to be determined after each alignment procedure on a daily basis.
B. Energy resolution
Due to the parallelization mechanism of electron trajectories in the magnetic bottle, the photoelectron peaks exhibit an exponential tail towards decreasing kinetic energies. Using the same kind of exponentially modified Gaussian function as described in the calibration part, the peak position on the energy axis, E 0 , the full-widthat-half-maximum (FWHM) values of the asymmetric line shape, ∆E can be determined and are shown in Fig. 5 . For some lines, the fit gives very small values for the exponential tail (H25 and H19 2 P 1/2 ), which reflects essentially Gaussian peak profiles. The widths of the photoelectron bands result from the convolution of the following contributions: the electronic response of the detection, the high-harmonic spectral width, the instrument broadening function of the magnetic bottle spectrometer, and a possible natural line width in the case of auto-ionization. The amplified single-electron response of the MCP in the time domain can be fitted with a Gaussian function and has a full width at half maximum of 0.9 ns. This response cannot be neglected given the fact that the temporal width of the time-of-flight signals is between 3 and 15 ns for harmonic orders 11 to 25. However, the maximum digitizer sampling rate is 1 GSample per second, which restricts the minimum peak width to 1 ns and therefore the maximum resolution to 0.15 eV/26.87 eV = 0.006 (25 th harmonic) or 0.009 eV/3.72 eV = 0.002 (11 th harmonic), respectively.
In order to determine the second contribution, the high-harmonic spectral widths, a XUV-photon spectrom-eter was attached to the exit port of the photoelectron spectrometer (see Fig. 3 ). Harmonics enter the photon spectrometer through a 0.5 mm slit and are dispersed by a grating with 1200 lines per mm onto an MCP with a phosphor screen. Figure 6 shows the high-harmonic spectrum for the same harmonics which have been used to produce the photoelectron spectrum shown in Fig. 4 and 5. Harmonic order 11 has not been recorded because it was diffracted onto a position which was not covered by the sensitive area of the MCP. Harmonic orders have been assigned by translating the MCP along the image plane towards lower photon energies and using the aluminum filter to identify harmonic order 11. Using the measured central wavelength of 795 nm and neglecting ionization-induced spectral shifts, the camera pixels can be converted to an energy axis.
The energy resolution ∆E/E of the photoelectron spectrometer for the given range of photon energies without the correction for the harmonic widths, ∆E h , and detection broadening is summarized in Table I . As is clearly seen from the values, the ∆E/E resolution is a constant value of 0.02 for this particular energy range, however, it is increasing below 5 eV.
Photoelectron spectrometer for attosecond spectroscopy of liquids and gases 6 11 13 15 17 19 21 23 25 2 P 1/2 2 P 3/2 2 P 1/2 2 P 3/2 2 P 1/2 2 P 3/2 2 P 1/2 2 P 3/2 2 P 1/2 2 P 3/2 2 P 1/2 2 P 3/2 2 P 1/2 2 P 3/ 
IV. INSTRUMENT PERFORMANCE

A. RABBIT scans
Using a continuous gas nozzle with a 30 • tapered hole and a hole diameter of 10 µm, RABBIT scans of argon have been recorded (Fig. 7) . The RABBIT experiment has been described in detail elsewhere 31 . Briefly, the XUV pulse train, generated in the gas cell, is separated from and delayed against the remaining IR. XUV and IR beams are then recombined and focussed into the interaction chamber. Each high-order harmonic in the XUV train generates a photoelectron signal, the photoelectron bands therefore being separated by twice the fundamental (here 800 nm) photon energy, 3.1 eV. The presence of the weak assisting IR field gives rise to sidebands (SB) located between the principal peaks. Due to quantum-path interference the sidebands oscillate at twice the fundamental laser frequency, i.e. 1.35 fs, as the delay between XUV and IR pulses is scanned. This oscillation is clearly seen in Fig. 7 . Due to the very small spin-orbit splitting (0.18 eV) in argon the two components are not resolved in these spectra. Extracting the phases of each sideband oscillation and the intensity of the photoelectron bands allows to reconstruct the electric field E(t) of the attosec-Photoelectron spectrometer for attosecond spectroscopy of liquids and gases ond pulse train according to
where A i are the electric field amplitudes, ω i the frequencies of the harmonics and φ xuv their phases. The latter are related to the harmonic emission times τ by
where ω 0 represents the frequency of the infrared radiation. Equation (3) describes the superposition of monochromatic XUV pulses with infinite lengths, an assumption made to describe the quantum path interference by means of second-order time-dependent perturbation theory. Integrating the sideband intensity along the energy axis and fitting a sine curve to the sideband oscillation allows extracting the relative phases of the oscillations. Those are composed of three contributions, the XUV spectral phases for each harmonic, the Wigner delay and the measurement-induced continuum phase, the latter two often being referred to as the atomic phase 37, 38 .
The atomic phase can be calculated for systems like argon and used to determine the XUV phases 39 . The XUV phases and emission times extracted from the scan shown in Fig. 7 are shown in Fig. 8 . A quadratic dependence of the phase on the photon energy reflects the chirp of the reconstructed attosecond pulse, which is also shown in Fig. 8 . Better synchronization of harmonic emission times results in less chirped pulses and therefore shorter pulse durations of the attosecond bursts.
B. Photoelectron spectra of gas-phase water
A liquid-water microjet serves as a convenient source for measuring water in the gas phase. Moving the jet in the direction perpendicular to the XUV propagation direction allows for the acquisition of only gas-phase or both gas-and liquid-phase signals. The water gas pressure decreases according to 1 r 2 , where r is the distance to the jet surface 12 . The maximum gas pressure is found directly at the vacuum-water interface where it is equal to the water vapour pressure (23.4 mbar at 20 • C). Alternatively, a leak valve can be used to fill the interaction chamber up to a gas pressure of 5 · 10 −3 mbar. The differential pumping stage always maintains the pressure below 1 · 10 −5 mbar at the MCP detector. This background filling is particularly useful, when high electron count rates are expected from the ionization cross section and from the high-harmonic generation efficiency.
The photoelectron spectrum presented in Fig. 9 was generated in the background-filled setup with harmonic orders 11 to 15, which were isolated from a high-harmonic spectrum generated in argon using a 100 nm tin filter. Based on flux measurements performed on a different beamline equipped with the same semi-infinite gas cell, we estimate the photon flux to be 10 5 photons/shot/harmonic. The valence-shell photoelectron spectrum of water consists of four bands, associated with the ionization from the 1b 1 , 3a 1 , 1b 2 and 2a 1 orbitals, which are replicated each 3.1 eV by the harmonic orders. The binding energy of the 2a 1 orbital is too large to be Photoelectron spectrometer for attosecond spectroscopy of liquids and gases ionized even by the highest harmonic order used here. A high-resolution gas-phase spectrum from the literature 40 , which is shown in the inset in Fig. 9 , was convolved with a Gaussian function (0.15 eV FWHM) and used for the simulation of an expected photoelectron spectrum, shown in the lower panel of Fig. 9 . The amplitudes of the convolved function were chosen to match the intensity of the 1b 1 band for each harmonic energy. Thanks to the isolation of the three harmonic orders by the tin filter, the spectral overlap of the individual bands remains manageable for a fitting procedure in the high-kinetic energy part of the spectrum. However, the vibrationally resolved 1b 2 band generated by harmonic order 15 poses difficulties to fitting because of overlap with the sharp photoelectron band 1b 1 generated by harmonic order 11. Nevertheless, all expected photoelectron bands are captured by the fit and all spectral features can be assigned to specific valence orbitals and harmonic orders. The photoelectron spectrum is well represented by the fit and the simulation, which demonstrates the feasibility of us-ing narrow-bandwidth high-harmonic radiation for photoelectron spectroscopy.
From the low kinetic-energy side of the spectrum presented in Fig. 9 , it is evident that electrons below 0.5 eV kinetic energy are still collected. In another publication using the same spectrometer 35 , we demonstrate that the useful energy range extends to above 60 eV kinetic energy.
C. Photoelectron spectra of liquid water and solvated sodium iodide Photoelectron spectra of microfiltrated liquid water were acquired with a 50 µm nozzle, operating at a flow rate of 0.7 ml/min. Sodium chloride at a concentration of 0.05 mol/l was added to prevent electro-kinetic charging of the jet. No signal from the sodium cation, or from the chloride anion was observed under our measurement conditions. The measured photoelectron spectrum generated with harmonic orders 11 to 15 is presented in Fig.  10 . In contrast to the gas-phase measurements, the XUV photon flux of typically 10 5 photons/shot/harmonic was substantially reduced for the liquid-phase measurements by decreasing the pressure in the gas cell and using an iris aperture, to reach an electron count rate of 50-300 electrons per laser shot.
Sharp gas-phase photoelectron signals from the water vapor around the liquid jet are clearly seen in Fig. 10 between the broad photoelectron features of the liquid phase. Due to the very broad liquid-phase water peaks, the photoelectron spectrum of liquid water is less structured than the gas-phase spectrum and peak overlaps pose a challenge to the data analysis. Additionally, secondary electrons produce a broad background at low kinetic energies, which is evident in Fig. 10 as hatched gray curve.
An elaborate fitting procedure would be neccessary in order to disentangle the individual spectral components in the liquid water spectra, which in turn would benefit from the knowledge of the energy dependence of the ionization cross sections and the high-harmonic energies, intensities and spectral widths. All these parameters allow to put boundary conditions on the fit which should result in a more robust fit performance. Here, for proof of principle, we used binding energies and peak widths reported in the literature 41 to simulate a photoelectron spectrum with Gaussian line shapes (Fig.  10 ). Peak amplitudes have been chosen such that they match the measured intensities well for the 1b 1 bands, the remaining amplitudes were chosen to match the experimental spectrum. Except for the kinetic energies of the gas-phase signals generated with harmonic orders 11 and 13, the general shape of the measured photoelectron spectrum can be represented reasonably well with the simulation. Sharp features, namely the gas-and liquid-phase 1b 1 orbitals, can be identified and assigned to harmonic orders. Since the liquid jet exhibits Photoelectron spectrometer for attosecond spectroscopy of liquids and gases a surface potential, the electrons from the gas phase around the grounded jet will travel different trajectories than the electrons of the same kinetic energy from the liquid. The calibration was performed with the liquid jet signals, which is the reason that the kinetic energies of the gas phase peaks do not properly match the gas-phase peaks of the simulation. The background consisting of secondary electrons was represented by an exponentially modified Gaussian 11 .
In the presence of the assisting infrared laser field sidebands appear in the photoelectron spectrum of liquid water, through the same mechanism as described in section IV A for the gas phase. The disentanglement of sidebands and principal peaks (from ionization with highharmonic radiation only) is best accomplished by singleshot acquisition with a chopper blocking every second laser shot in the infrared beam path. The photoelectron spectrum generated without the assisting infrared field is subtracted from the spectrum generated in the presence of the infrared field. The resulting difference spectrum has positive and negative contributions, arising from spectral components dominated by the sideband generation and principal peak depletion, respectively.
In Fig. 11 , SB16 is associated with the absorption of harmonic order 15 and an additional infrared photon, whereas SB14 refers to the absorption of harmonic order 15 and the emission of one infrared photon. The latter ionization path interferes with the absorption of harmonic order 13 and an infrared photon and gives rise 11 . Difference plot between liquid water ionized with XUV (harmonic orders 11 to 15) in the presence of an assisting infrared field and liquid water ionized with XUV radiation alone. The filled curve represents the data points, the dashed red curves are the simulated sidebands from the liquid phase. The simulation of liquid-and gas-phase contributions from high-harmonic radiation only is shown in blue solid lines. to an oscillation of SB 14 as a function of the delay between XUV and IR. Both sidebands are clearly visible as positive contributions to the difference spectrum. The principal peak H15 resulting from ionization of the liquid water with harmonic order 15, is depleted due to population transfer to the sidebands and appears with a negative sign. With the tin filter only photon energies up to 23.3 eV are available, and therefore the present approach is best suited for studying outer-valence ionization dynamics. Other metal filters like titanium or zirconium, which transmit at higher photon energies, could be used to access inner-valence or core shells. However, valence orbitals with binding energies lower than the HOMO of water can be probed nearly background-free because they appear on the high-kinetic-energy edge of the spectrum. We illustrate this case by studying photoemission from a 1 M aqueous sodium iodide solution, where the spin-orbit components of the 5p shell of the iodide have binding energies of 8.03 eV and 8.96 eV, respectively 41 . The measured photoelectron spectrum is shown in Figure 12 . Using the tin filter, the highest kinetic energies of the electrons originating from iodide are around 15 eV, where the spectrometer resolution is sufficient to resolve the components.
Photoelectron spectrometer for attosecond spectroscopy of liquids and gases 10 The energy difference between the spin-orbit components of the iodide anion in our spectra is (1.0±0.1) eV, which is in good agreement with the value of (0.93±0.09) eV reported in the literature 41 . Standard deviations refer to the fitting of gaussian line shapes to the experimental data.
V. CONCLUSIONS
We have described the design and operation of an attosecond time-resolved experiment for gaseous and liquid samples. The energy resolution of the photoelectron spectrometer was analyzed and it was demonstrated that the spectrometer operates at nearly constant ∆E/Evalues in the energy region between 5 eV and 25 eV.
We have presented its functionality for recording RAB-BIT traces, which allowed us to characterize the spectral phase and amplitude of the attosecond pulse train generated in our gas cell. Static gas-phase water spectra generated with harmonic orders 11, 13 and 15 have been deconvoluted and assigned to harmonic orders and valence orbitals. The spin-orbit states associated with the photoionization of the 5p shell of the solvated iodide anion have been identified and analyzed on the high-kinetic energy side of the photoelectron spectra. Peak overlap poses challenges especially for solvated samples, but the high-kinetic energy side of the photoelectron spectra always offers an area of minimal spectral overlap. This paper demonstrates the applicability of our attosecond time-resolved photoelectron spectroscopy setup for both attosecond time-resolved experiments and photoelectron spectroscopy of liquids. The present work thus lays the foundations for taking attosecond science into the realm of liquids.
